this delivery, it is likely that plant pathogens utilize a type III secretion pathway whose components are encoded by the Hrp genes (hypersensitive response and pathogenicity genes; Alfano and Collmer, 1996; Roine et al., 1997) . Many Hrp genes have sequence similarity
The diagram (left) depicts Pto, Fen, and chimeric proteins FPB, FPB2, FPB3, and FPB4. The regions containing amino acids from Pto (closed bars) and from Fen (open bars) are shown. Numbers correspond to amino acid positions in Pto, and standard subdomains of protein kinases are indicated above Pto. Activation of the lacZ reporter gene was determined by measuring relative units of ␤-galactosidase activity in yeast strains expressing the Pto-Fen chimeric proteins and AvrPto. The ␤-galactosidase activity data are the means (shaded bars) and standard errors (error bars) of duplicate experiments, each with three independent colonies per construct.
required both for physical interaction of Pto with AvrPto by PCR site-directed mutagenesis and tested in the twohybrid assay with AvrPto as the prey protein ( Figure 2 ). in the yeast two-hybrid system  P(L205I) interacted with AvrPto, whereas P(T204N) did Tang et al., 1996) and for avrPto-specific pathogen recnot, demonstrating again the absolute requirement of ognition in transgenic tomato plants (Tang et al., 1996) .
T204 for Pto recognition of AvrPto. We next developed To identify amino acids in Pto that determine recognition a Fen mutant protein that contained substitutions of just specificity, we generated additional chimeric Pto-Fen the T204 and L205 Pto residues (construct F[N204T, proteins and tested them for interaction with AvrPto in I205L]). Remarkably, these two substitutions alone were a yeast two-hybrid assay using a lacZ reporter gene sufficient to allow the Fen protein to interact with AvrPto ( Figure 1) . Chimera FPB, which contains 85 residues in the two-hybrid assay (Figure 2) . Finally, mutant profrom Pto that span the conserved kinase subdomains teins F(N204T) and F(I205L) were developed to test the VIb through VIII, strongly interacted with AvrPto as indiindividual contribution of the Pto residues T204 and cated by high ␤-galactosidase activity in the two-hybrid L205 to AvrPto recognition specificity. F(N204T) interassay (Figure 1 ). This 85 amino acid segment contains acted with AvrPto, whereas F(I205L) did not interact. 18 residues that differ between Pto and Fen. A second Similar expression levels of each Pto-Fen mutant protein chimera, FPB2, also interacted with AvrPto and further were verified by Western blots (Figure 3 ). delimited the AvrPto recognition region to 30 Pto resiWe used a tobacco leaf transient assay to examine dues, of which 11 are polymorphic with Fen (Figure 1) . the role of Pto residues T204 and L205 in gene-for-gene Scofield et al. (1996) also placed AvrPto recognition recognition in plant cells. Previously, it was shown that specificity within this region. Finally, chimeras FPB3 and Agrobacterium tumefaciens can be used to transiently FPB4 were both found to interact with AvrPto, and chiexpress AvrPto in plant cells ; Tang mera FPB4 further defined the region of recognition et al. , 1996) . We refined this assay by using a binary specificity to the 8 residues of Pto at positions [202] [203] [204] [205] [206] [207] [208] [209] plasmid vector (pBTEX) that permits simultaneous ex- (Figure 1 ). There are just four amino acid differences pression of both avrPto and Pto genes with each gene between Pto and Fen among these 8 residues.
under the control of a separate cauliflower mosaic virus To determine which of the four Pto residues in chimera (CaMV) 35S promoter (see Experimental Procedures). FPB4 are required for AvrPto recognition specificity, This vector was used to express AvrPto with Pto, Fen, a PCR-based site-directed mutagenesis strategy was P(T204N), P(L205I), F(N204T), F(I205L), or F(N204T, I205L). used to convert each of the residues individually to the The two-gene plasmid constructs were transformed into corresponding Fen residue. Thus, mutants FPB3(K202R),
A. tumefaciens strain EHA105, which was then infiltrated FPB3(T204N), FPB3(L205I), and FPB3(D209A) are chiinto mature leaves of Nicotiana benthamiana. The strain meric FPB3 proteins that each contain a substitution of expressing AvrPto/Pto, but not AvrPto/Fen, elicited an a Fen residue for one of the four Pto residues ( Figure  HR within the infiltrated area 3-5 days after treatment 2). In the two-hybrid assay, FPB3(K202R), FPB3(L205I), (Figure 4 ). Agrobacterium strains expressing AvrPto, and FPB3(D209A) each interacted with AvrPto, although Pto, or Fen alone did not elicit an HR (data not shown). the FPB3(L205I) substitution mutant showed substanFurthermore, an HR was not observed when a vir Ϫ defectially lower ␤-galactosidase activity than wild-type Pto tive strain of Agrobacterium containing both AvrPto and or FPB3 chimera (Figure 2) . However, the T204N substiPto was infiltrated into N. benthamiana, indicating the tution completely abolished the interaction of FPB3 absolute requirement for T-DNA transfer and subse-(T204N) with AvrPto, indicating that this Pto residue is quent expression of both avrPto and Pto within the plant required for AvrPto recognition. Because changes in Pto cell. The strains expressing AvrPto along with P(L205I), residues T204 and L205 caused the greatest decrease in F(N204T), F(I205L), or F(N204T, I205L) each elicited an the interactions with AvrPto, further substitutions were HR ( Figure 4 ). The significance of the HR with F(I205L) made directly in the Pto kinase to examine the role of is unclear since the response was very weak and octhese two residues.
curred in only 50% of the experiments. With the exception of F(I205L), we observed a strict correlation between Pto constructs P(T204N) and P(L205I) were generated Portions of the proteins, and individual amino acids, derived from Pto (closed boxes) or Fen (open boxes) are shown (left). Unboxed amino acids are identical in both kinases. To simplify nomenclature, the numbering of amino acid positions and designation of amino acid substitutions correspond to the Pto sequence (Martin et al., 1993) for all proteins shown. Degree of lacZ reporter gene activation was determined by measuring relative units of ␤-galactosidase activity in yeast strains expressing the mutant proteins and AvrPto (right). The ␤-galactosidase activity data are the means (shaded bars) and standard errors (error bars) of duplicate experiments, each with three independent colonies per construct.
the ability of a Pto-Fen protein to interact with AvrPto leaves, unlike tomato leaves, do not exhibit fenthion sensitivity. in the two-hybrid system and its ability to cause an HR in tobacco leaves. The interaction of the Fen mutants Demonstration that T204 in subdomain VIII of the Pto kinase determines recognition specificity for AvrPto fur-F(N204T, I205L) and F(N204T) with AvrPto and their ability to elicit a strong HR in tobacco leaves raises the ther supports a role for Pto as the intracellular receptor, or perhaps as part of a receptor complex, for a pathogen interesting possibility that these proteins might possess dual recognition specificity for AvrPto and the fenthion protein delivered by a type III secretion pathway. Recent reports indicate that several bacterial Avr proteins funcinsecticide. Development of stable tomato transgenics will be required to test this possibility because tobacco tion within plant cells, and it is possible that other cytoplasmic R proteins are also directly involved in recognition events. Pto is unique among R proteins, however, in encoding an intracellular kinase, and it remains unclear if the majority of R proteins, which contain regions of leucine-rich repeats (LRR), participate directly or indirectly in recognition of pathogen Avr proteins. A recent ing AvrPto and the indicated protein (A-G) were infiltrated into mameric and Mutant Proteins ture leaves. The HR was observed as localized tissue collapse within 3-5 days. Development of the HR is sensitive to environmental conThe Pto-Fen proteins were expressed as LexA fusions from the bait plasmid (pEG202), and AvrPto was expressed from the prey plasmid ditions; therefore, we performed 19 independent experiments, and the frequency of leaves developing an HR is shown (HR column). (pJG4-5). LexA fusion proteins were detected by chemiluminescent visualization using polyclonal antibody to LexA. Lane MW contains
On the right is a representative leaf showing the development of the HR 5 days after infiltration with constructs (A)-(F) ([G] is not molecular weight protein standards, and lane EGY contains protein extracts from yeast strain EGY48 containing the lacZ reporter shown). The leaf chlorophyll was removed with ethanol to aid the visualization of the response. plasmid.
report of recognition specificity with the Cf R genes that proteins and lead to new strategies for improving disease resistance in plants. encode membrane-bound extracytoplasmic proteins indicates that LRRs do play a role in recognition of some fungal pathogens (Thomas et al., 1997) . Thus, it is possi-
Experimental Procedures
ble that the Prf protein, which also contains LRRs and
Construction of Chimeric Proteins and Site-Directed
is required for Pto-mediated disease resistance, might
Mutant Proteins
participate in a recognition complex with Pto within the Chimeric constructs and site-directed mutations were generated by plant cell (Salmeron et al., 1996) . PCR with Pwo DNA polymerase (Boehringer Mannheim) and primers Taken together, our results indicate that T204 in Pto containing unique restriction sites for amplification of specific reis required for specific recognition of AvrPto and that gions of the Pto and Fen genes as described previously (Tang et L205, although not required, plays a subsidiary role in al., 1996) . In addition to the unique internal restriction site, all Pto/ Fen constructs contained flanking 5Ј-EcoRI and 3Ј-BamHI restricthis recognition event. A comparison of Pto with other tion sites for cloning into the yeast two-hybrid bait vector pEG202.
protein kinases whose three-dimensional structures are A complete description of the primer sequences, DNA templates, known (e.g., Cdk2, cAMP-dependent protein kinase and restriction enzymes used to generate the chimeric and mutant [PKA] ) indicates that T204 is located in the Pto activation Pto/Fen constructs is available upon request from the corresponddomain (De Bondt et al., 1993; Johnson et al., 1996) . In ing author. The DNA sequence of each construct was verified prior PKA, phosphorylation of T197 in the activation domain to testing in yeast and in the Agrobacterium-mediated transient assay.
is required for maximal kinase activity and substrate binding (Johnson et al., 1996) . The activation domain in
Yeast Two-Hybrid Interactions
PKA is thought to be stabilized, and substrate binding Chimeric Pto-Fen and mutant genes (in pEG202) were introduced facilitated, by the formation of hydrogen bonds between into yeast strain EGY48 and their proteins tested for interaction with phosphate oxygens on phospho-T197 and the charged AvrPto (in pJG4-5) as described (Tang et al., 1996) . Equal levels of side chains of R165, K189, and the hydroxyl group of expression for all LexA fusion proteins in pEG202 were determined T195 (Johnson et al., 1996) . A sequence alignment of Pto by Western blots using LexA antibody. Total proteins were extracted (and Fen) with PKA showed that corresponding arginine from yeast strains during mid-log phase . Equal amounts of protein were electrophoresed on 10% polyacrylamide and lysine residues exist at Pto positions 163 and 187, gels and transferred to PVDF membrane (Millipore Immobilon P) by respectively. Although Pto T204 does not directly align electroblotting according to the manufacturer's recommendations with PKA T197, we hypothesize that T204 in Pto might (BioRad) . LexA fusion proteins were detected by chemiluminescent be phosphorylated, leading to a conformational change visualization (E CL kit) using polyclonal antibody to LexA (a gift from that stabilizes the kinase and facilitates binding of 196-198 in Pto (Martin et al., 1993 Our results open the way to understanding threeproximately 10 hr at room temperature, diluted with induction medimensional aspects of the recognition event between dium to an OD600 ϭ 0.2, and injected into leaves as described previously (Tang et al., 1996) . The HR developed within 3-5 days.
Pto and AvrPto and how interaction subsequently leads to activation of various defense responses associated with disease resistance. Investigation of Pto-related kiAcknowledgments nases in wild species of tomato, some of which are For critical reading of the manuscript, we thank Alan Friedman and resistant to avrPto-expressing Pseudomonas strains Keith Perry. This research was supported by United States Depart- (Tanksley et al., 1996) , should assist in identifying re- tance in all major crop species. Further elucidation of the molecular basis of these interactions might allow for precise manipulation of recognition specificity of plant R Received April 8, 1998; revised June 2, 1998.
